A small scale field experiment (SSFE) was performed on vertical breakwaters in the surf zone. The following are some of the findings. Wind seas may yield breaking wave pressure notwithstanding some large deepwater wave steepness, and small elevation of the wall above the mean water level. Caisson breakwaters can withstand some exceptionally high impulsive force peaks (even twice the weight in still water); whereas, with the same sea state and weight, a breakwater composed of layers of solid concrete blocks is destroyed.
Introduction
A small scale field experiment (SSFE) is an experiment performed like in a big wave tank, in sea areas or lakes where wind seas have some small sizes [1] . The paper shows the results of a SSFE on vertical breakwaters in the surf zone.
It is well-known since [2] that, under the action of breaking waves, a vertical breakwater may be subject to pressure peaks of high intensity and short duration. These are called impulsive breaking wave pressures (IBWP).
A first item of the SSFE was to test the questionnaire of [3] for the risk of occurrence of IBWP.
A second item was to analyze resistance or failure of breakwaters under breaking waves. Many tests have been made on this subject on wave flumes [4] . A novelty of this paper is that two vertical breakwaters with a different configuration are beaten by the same wind sea. The interest is in the fact that, notwithstanding the configurations of the two breakwaters is similar to each other, one fully collapses and the other perfectly resists. Realizing the reason for this seeming paradox enables us to choose the more effective configuration in the pre-P. Boccotti et al.
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liminary design of a breakwater.
Method
The experiment was performed off the shore of the NOEL (Natural Ocean Engineering Laboratory) on the Eastern coast of the Straits of Messina. A vertical breakwater was made with concrete blocks (Figure 1) . In a configuration A the blocks were pressed together by some tensioned iron cables so as to obtain a compact structure like that of a caisson breakwater; in a configuration B the blocks were not pressed together. The central section Figure 1 . The breakwater of the SSFE. In a stage of the experiment the cross-section had the configuration A. In another stage the cross-section had the configuration B.
consisted of a small iron caisson being ballasted with pig-iron and equipped with 16 pressure transducers. The incident waves were recorded by an ultrasonic wave probe on deep water. The sample rate was of 100 Hz. Each record had a duration of five-minutes. The average water depth at the base of the upright section was of 0.5 m, and the average depth of the seabed at the breakwater was of 0.6 m (see Figure 1) . The bottom slope was 1/10. The tide amplitude was about 0.15 m.
The period T h of the largest waves of a sea state was obtained from the autocovariance Ψ(T) of the free surface displacement on deep water [1] [5]; the period T 1/3 mean of the wave periods of the largest one third waves of a sea state was obtained from the record of the waves on deep water. The average difference 1/3 h T T − proved to be within the 1.8% of T h . The narrow bandedness parameter Ψ * was obtained from Ψ(T) [1] [5] . The wave force F on the central upright section of the breakwater, proceeded from the difference between the actual sectional force obtained from the measurements of the 16 pressure transducers, and the hydrostatic sectional force. The wave pressure pw was obtained as the difference between the actual pressure on the wall and the hydrostatic pressure. The tide level (being necessary to estimate the water depth and hence the hydrostatic pressures and the hydrostatic sectional force) was estimated from the measurement of the free surface displacement made by the ultrasonic probe on deep water.
Results
With breakwater A, we obtained 24 five-minute records of wind seas. These had the following characteristics: 
The spectra on deep water were the classic ones of wind seas (see a few examples on Figure 2 ). These wind seas were superimposed on a very small swell component (see the small peak of the spectrum on about 0.13 Hz).
The dominant direction of wind seas on deep water off the beach at Reggio Calabria makes an angle within 25˚ with the orthogonal to the contour lines (this has been confirmed by a lot of small scale field experiments [1] [5]). Hence the angle between the dominant wave direction and the orthogonal to the breakwater was definitely smaller than 25˚, because of refraction.
Let us consider the questionnaire [3] , on the danger of IBWP. We are dealing with a case of rubble mound sufficiently small to be considered negligible. The angle between the wave direction and the line normal to the breakwater is less than 20˚. The sea bottom slope (1/10) is steeper than 1/50. The breaking point of the progressive wave (in absence of the structure) is located only slightly in front of the breakwater. All of this is proper for the occurrence of IBWP. However there are two conditions which, on the basis of the aforesaid questionnaire, let us conclude that there should be little danger of IBWP; these are 1) a large wave steepness; 2) a small crest elevation that allows much overtopping. Thus finding IBWP in these wave records was an unexpected outcome of the experiment. This finding is evident in Figure 3, Figure 4 and Figure 5 which show the three largest sectional wave forces F in the 24 records. Each figure shows the pressure distribution p w /(γH s0 ) at the time instant of the maximum sectional wave force, and F(t). We see that the largest values of p w exceed 6 (γH s0 ).
Breakwater A was able to withstand, without sliding, a F max of 13.5 kN/m (see Figure 3 ) which is twice the P * ! On the opposite, breakwater B after 45 minutes of wind seas very similar to the wind seas that attacked breakwater A, was destroyed (see Figure 6 ). Only the small iron caisson with the transducers remained stable. In all, the 45 minutes in which breakwater B was destroyed included 9 five-minute records whose characteristics were as follows 
As said these characteristics were close to the characteristics (Equations (1)- (7)) of the wind seas that attacked breakwater A. Figure 7 shows the time history of the largest sectional wave force recorded on breakwater B. Notwithstanding the sea state is very similar to that of the 24 records with configuration A, the wave force proves to be markedly smaller than that recorded with configuration A (compare Figure 7 with Figure 3, Figure 4 and Figure 5 ). The fact that the vertical wall was being destroyed (many concrete blocks were displaced from their original location) could be a cause for the wave pressure being less intense.
Analysis of Resistance/Failure
The horizontal displacement of a section of the breakwater is estimated by numerical integration of the equations:
( ) 
The breakwater slides whenever a y gets greater than zero. This occurs when the horizontal wave force F exceeds the resistance of the soil which is the sum of the friction force exerted on the base of the breakwater (μ R v ) and the normal force exerted on the rear wall (R p ).
Let us apply these equations in order to realize how breakwater A was able to withstand the wind seas with a To this end we firstly consider only the action exerted by waves on the upright section (that is we neglect the uplift force). With μ = 0.6, C in = 2.0 and φ = 40˚ (φ serves to estimate the passive thrust of the sloping soil) and with the time series data of F(t) of the 24 records, Equations (15)-(17) yield 21 small slides giving a cumulative total displacement of 0.020 m. The fact that the expected displacement was very small notwithstanding the F max was twice the P * is due to the very short duration of the IBWP. The fact that the actual displacement was even smaller (we did not observe any displacement) cannot be attributed to the friction factor: with a µ of 0.65 instead of 0.60, the displacement would be reduced only from 0.020 m to 0.014 m; nor it can be attributed to the value of the passive thrust of the sloping soil: on estimating this thrust with a φ of 45˚ instead of 40˚, the displacement would be reduced only from 0.020 m to 0.018 m.
The uplift wave force should increase the displacement, in that it is expected to reduce R v at the time instants of the IBWP on the upright section, even though this effect should not be important. In fact this effect should be much smaller with our foundation (Figure 8(a) ) than with a simple foundation like that of Figure 8(b) . In conclusion with Equations (15)- (17) we expect a small displacement of breakwater A of the order of a few centimeters, whereas the actual displacement was zero. We believe that this higher resistance of breakwater A is due to the effect of ground which is elastically deformed under an application of an impulsive breaking wave pressure (this topic was approached by [6] ). However, the deformation of soil here would require a 3D model because the waves are short-crested; and this is beyond recent practice [4] . Moreover, it would be necessary to measure the wave force on the whole length of the breakwater, and not only on one section.
Equations (15)- (17) may be applied also to predict the displacement of a block on another block of breakwater B (of course in this case R p must be taken zero). With the time series data of p w (t) of the 9 five-minute records in which breakwater A collapsed we obtain the following result with μ = 0.6, C in = 2, and assuming R v = P * : 1) the displacement of block 1 with respect to block 2 is of 0.05 m as a result of 35 small slides; 2) the displacement of block 2 with respect to block 3 is of 0.04 m as a result of 46 small slides; 3) the displacement of block 3 with respect to block 4 is of 0.02 m as a result of 46 small slides. These displacements obtained on neglecting the uplift force at the base of each block (R v assumed to be equal to P * ) are shown in Figure 9 (a). The displacements obtained on taking the uplift force into account are shown in 
Conclusions
The questionnaire [3] provides a most clear way to approach the problem of the danger of IBWP. However as Goda himself notes "it is advisable to resort to hydraulic model testing whenever there remains the suspicion of the generation of impulsive breaking wave pressure". According to the questionnaire, if the rubble mound is sufficiently small to be considered negligible, it should not be easy that IBWP are exerted by wind seas attacking nearly orthogonally.
Another reason for which there should have been little danger of IBWP was that the crest elevation of our breakwater was so small as to allow much overtopping: crest elevation between 1/5 and less than 1/2 of H s0 .
Nevertheless, we recorded some well evident IBWP on breakwater A. Because of the fact that: 1) the duration of IBWP was very small; 2) the effect of IBWP on the uplift force was probably negligible, due to the configuration of the foundation; the displacement of breakwater A with our 24 five-minute records of wind seas should have been within a few centimeters. The fact that no displacement was observed after the action of these wind seas could be explained as an effect of ground which was elastically deformed under an application of an impulsive breaking wave pressure.
Under essentially the same wind seas which were perfectly withstood by breakwater A, breakwater B rapidly collapsed. From our analysis based on Equations (15)-(17) with the time series data of the p w on the wall, we conclude that the uplift force at the base of each block was the primary cause of the collapse.
As explained in Section 3.7 of [1] , the crucial requirement for a SSFE at some site is "to be reasonably sure that a sea state with some prescribed characteristics will occur after a short waiting time at this site". (18) of most interest. After 25 years of experiments in the sea of Reggio Calabria we know that we may obtain these conditions. A novelty with respect to the previous SSFEs was in the narrow window for the water depth: the amplitude of this window was smaller than the tide amplitude (this being about 0.15 m). The conditions on d n , d and H s0 served to have a meaningful ratio W/d as well as to have the breaking point of the progressive wave (in absence of the structure) being located only slightly in front of the breakwater.
We obtained many records of sea states with the prescribed characteristics in less than one month. This represents a step forward in the technique of SSFEs, since it is proved that, at least at some sites, these experiments can be performed even on structures of the surf zone.
